for which a good range of data is available. After model sensitivity analysis and calibration, simulations were 17 designed, considering the improvement of both the urban and rural land drainage and storage capacities.
108
Where q is the flow per unit width, g is the acceleration due to gravity, R is the hydraulic radius, z is the bed 
112
To further improve this, one of the t q in the friction term can be replaced by 
6
The flow in the x and y directions is decoupled and take the same form. Flow is evaluated at the cell edges 116 and depth at the centre.
118
FloodMap evaluates the flow directions in x and y for each pixel at each iteration based on the orthogonal 119 slopes. The flow rate across a cell boundary is calculated using (3) for the two directions associated with the 120 greatest orthogonal slope. Therefore, only positive flow is allowed in each direction. Net inflow is calculated 121 for each pixel based on total inflow and outflow which can then be used to update water depth for the time 
135
(Yu and Lane 2011). As the FCFL condition is not strictly the right stability criteria for an inertial system, 136 this scheme still may not guarantee a stable solution, and thus may still produce unrealistic wave propagation.
137
The universal time step calculated with FCFL may need to be scaled further by a coefficient, the value of 138 which ranges between 0 exclusive and 1 inclusive. A scaling factor of 0.5-0.8 was found to give stable 139 solution to all the simulations carried out in this study and a scaling factor of 0.7 was used in all the 140 simulations undertaken.
Where is the hydraulic conductivity of the soil at field saturation, is the capillary potential across the wetting front, is the ponding water on the soil surface, and is cumulative depth of infiltration.
149
Hydraulic conductivity is often used as a calibration parameter in hydrological studies.
151
Evapotranspiration is calculated using a simple seasonal sine curve for daily potential evapotranspiration 152 (Calder et al. 1983 ) with the equation below:
154
Where is the mean daily potential evapotranspiration and i is the day of the year.
156
For hydro-inundation modelling, the amount of evapotranspiration during storm and flooding 157 conditions is in the order of 3-5 mm/day, a small amount compared to infiltration and drainage 158 processes. 159 160
Drainage capacity in urban areas

161
Mass loss to the storm sewer system is considered in the model by its design capacity, usually corresponding 162 to a rainfall event of certain intensity (mm/h) and return period. If the model is applied to an extreme event
163
(defined here as a > 1 in 100 year), it is reasonable to assume that the storm sewer system drains water away 164 at the maximum design capacity. For each time step, the amount of runoff loss to the urban storm sewer 165 systems is calculated by scaling the drainage capacity (mm/hour) for the time step. Distributed drainage 166 capacity also can be incorporated into the model on a cell by cell basis. However, manholes and drains are 167 not explicitly represented in the model (e.g. Liu et al. 2014) . Rather, the drainage capacity is considered as a 168 lump value that operates over a specific area, draining to its design capacity throughout that whole area. range of c.6m. Therefore, over 90% of the city is below the high tidal level. Until the mid 1960's, a system 175 of open drains and tidally operated gates drained the city, but these were replaced with a combined sewage 176 and drainage system evacuated by three large pumping stations. As a result, the drainage system for the city 177 of Hull is entirely pumped (Coulthard and Frostick, 2010) . The city is protected from tidal inundation by embankments and flood walls along the estuary and by a tidal barrier operating on the River Hull to prevent 
193
although fully functioning during the event, the storm sewer system was overwhelmed and unable to drain 194 the excess surface runoff. This event has prompted the suggestion that, for a low-lying coastal city such as
195
Hull, a one in 30-year storm sewer system is insufficient, especially in the wake of the potential climate 
241
The default drainage capacity of the urban areas takes the design drainage capacity of the city, i.e. 70 242 mm/day, and that of the rural areas is set as 15 mm/day, based on the typical design capacity of 10 mm/day 243 widely used in the lower rainfall areas of the UK (Trafford, 1971 
263
It should be recognized that the impact of rural land drainage on river peak flow is highly uncertain and 264 likely to be site specific, depending on the soil type, antecedent conditions and rainfall event (Blanc et al.
265
2012 and Robinson 1990). Interested readers could refer to the studies by Robinson (1990) and Blanc et al.
266
(2012) for extensive review on the impact of land drainage. As we focus on surface water flooding, measures 267 that improve land drainage and storage capacity are likely to exert a positive effect as it reduces surface 268 runoff. However, it is uncertain whether such improvement will aggravate fluvial flooding. 
270
292
The magnitude of RMSE is relatively small (< 2.5 cm) in all cases and varies over time and is a function of 293 the roughenss value. However, it should be noted that the RMSE is the aggragated depth variation from the 294 base simulation (n=0.01) over the study area at a particular time. Therefore, the spatial distribution of depth 295 difference is not considered explicitly. Spatial variation of the depth prediction is expected and this will be 
318
it is regarded as an adequate assumption.
320
Due to the uncertainties in rainfall representation and drainage and storage capacity (both rural and urban),
321
soil hydraulic conductivity ( ) was used as a calibration parameter. This compensates for the simplified 322 representation of rainfall and drainage/storage capacity and aims to produce the optimal match with the 323 observation data for the base simulation.
325
Soil hydraulic conductivity can be determined either use empirically-based correlation methods or through 326 in-situ hydraulic laboratory measurements. The latter is practically infeasible for urban catchments. We use 
339
The model was found to be very sensitive to the specification of hydraulic conductivity ( Figure 6 ) and a
Figure 6
Furthermore, we decouple the main hydrological components into total rainfall, infiltration loss, 
360
Excess water that cannot be drained away due to the limited urban and rural drainage capacity is routed to 
378
We undertook simulations to evaluate the potential impact of improved drainage and storage capacity in the 379 urban areas. Urban drainage and storage improvement scenarios consider capacity increase from the current 380 70 mm/day to 120 mm/day at a 10 mm interval. The total inundated area is shown in Figure 9a for the 
393
In terms of the predicted water depth, although the magnitude of RMSE (overall deviation from the default 394 simulation) is relatively small (Figure 9c ), the spatial distribution of the depth difference suggests big where water depth is high in the default simulation. Figure 8) . In a similar way to the investigation of urban drainage and storage capacity, the potential is shown in Figure 12 , alongside with the combination of: (i) a medium improvement of urban and rural
431
drainage and storage to 100 mm/day and 75 mm/day respectively; and (ii) the optimal improvement of urban
432
and rural drainage and storage to 120 mm/day and 115 mm/day respectively.
434
Figure 12 
537
Improvement to urban drainage and storage capacity is regarded as a potential measure to reduce the risks of event and the contribution of flood water from rural land, it may not completely drain the excess surface assume that the drainage system functions throughout a flood event to its full capacity. However, it is 544 possible that in many situations, the actual drainage capacity could be degraded by malfunctioning pumps or 545 blocked drains.
547
Effect of improved rural land drainage and storage capacity
548
When the rural land drainage and storage improvement scenarios are investigated, greater sensitivity is noted 549 compared to the urban improvement scenarios, both globally ( Figure 13 ) and at discrete points along the two 
555
Given the size ratio between the urban and rural areas in this case study (4:1), the rural improvement can be 
565
Combining urban land drainage and storage improvement, the water depth can be reduced substantially.
566
However, none of the scenarios could reduce surface runoff completely. This is not surprising when the 567 magnitude of the flood event and the size ratio of rural to urban area (1:4) are considered. It is expected that improved rural land drainage and storage capacity will become more effective for larger catchments and 569 lower-intensity rainfall events.
571
Process representation
572
The model treats the drainage capacity using a simplified approach and assumes a uniform mass loss for 
593
(manhole inlets), rainfall-runoff is drained by the sewer system. As a result, overestimation of drainage loss
594
is expected with the current approach as the timing of flow through the system is not considered explicitly.
595
The extent of overestimation depends on the interplay between rainfall intensity, topographic gradient and the duration of an event. For shorter duration events, the design standard corresponding to the event duration
603
should be used instead of scaling the daily design standard as it is a parameter that cannot be scaled linearly 604 with time. In this study, we used the daily drainage design standard (70mm/day in Hull) to estimate drainage 605 loss. As the rainfall lasted for most of the day (Figure 2) , the daily design capacity is thought to be a valid 
616
Sensitivity analysis reveals the danger of using a global metric (e.g. inundation extent) to evaluate model 617 sensitivity, as when using inundation extent, we found that the peak inundation varies only marginally. 
631
Overall, model performance is just as strongly controlled by these rural factors as internal model parameters 632 such as roughness. This serves as an important reminder to researchers simulating urban flooding that it is 633 not just the internal parameterisation that is important, but also to use the correct inputs of water from outside 634 the area of study, the rationale that behind tightly coupling catchment hydrological processes and urban flood 635 inundation.
637
Future work should be directed towards obtaining high resolution and good quality observation data for 638 model validation. Calibration also highlights the needs for further improvement of the modelling approach,
639
including improved representation of drainage capacity and precipitation, and improved computational 640 efficiency to allow for finer topographic data to be used in the simulation.
642
The scenario-based approach used to evaluate the effect of drainage and storage capacity provides some 
